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ILSCOUR.EXE input screen for calculating 100-year discharge for ungaged rural basins using methods outlined in Curtis (1987 
INTRODUCTION
Bridge failures are most commonly caused by the scouring of the streambed from around bridge foundations during floods (Richardson and others, 1993) . All bridges over waterways in the United States must be evaluated for the risk of failure because of streambed scour (Thomas O. Willett, United States Department of Transportation, Federal Highway Administration, written commun., 1991) . Each bridge must be rated on the basis of Item 113 of the National Bridge Inspection Standards (Code of Federal Regulations, 1992) . The Item 113 rating is assigned by determining the stability of the bridge structure when the streambed is subjected to scour resulting from a flood of either 500-year recurrence or 1.7 times the 100-year recurrence interval (1.7 times the 100-year flood discharge is recommended in Federal Highway Administration (FHWA) Hydraulic Engineering Circular Number 18 (HEC-18) as a reasonable approximation to the 500-year flood peak discharge), either case will be referred to as the 500-year flood in this report. For Illinois streams, the 500-year flood discharge regression relation determined by Curtis (1987) essentially ranges from 1.25 to 1.3 times the 100-year flood discharge, which indicates that 1.7 times the 100-year flood discharge is more conservative than the method outlined in Curtis (1987) . The 500-year flood scour has typically been estimated conventionally from equations contained in the HEC-18 manual (Richardson and others, 1993) . The hydraulic information needed in the HEC-18 equations is determined by simulating the bridge-site hydraulic conditions using computer models for estimating the lateral water depths and velocity distributions for each cross section in one or two dimensions.
The conventional hydraulic and scour-analysis method is time consuming and expensive, requiring field surveying and extensive office time to complete the necessary computations. The Illinois Department of Transportation is analyzing all State highway bridges by applying conventional hydraulic and scouranalysis methods (more than 500 analyses have been completed to date (1995) ). However, complete hydraulic and scour analysis of the more than 10,000 local agency bridges (those bridges not owned and maintained by the State of Illinois) is not possible because of financial and personnel constraints. The U. S. Geological Survey (USGS), in cooperation with the Illinois Department of Transportation (IDOT), developed a simplified method to estimate the totalstreambed scour at local agency bridges to assist in addressing the FHWA mandate. Total-streambedscour envelope curves are utilized in the method. These curves relate total-streambed scour with easily obtainable bridge-site characteristics. In this report, total-streambed scour is the sum of the local and contraction scour only. Very little hydraulic information is required in the method and the analysis can be completed in less time than the conventional method. The method offers local agencies an economical tool to analyze bridge sites for total-streambed scour. The tradeoff in time saved is that the estimates from the simplified method may be significantly more conservative than scour estimates from the conventional method.
This report describes the development, verification, and application of a simplified method to estimate total-streambed scour at bridge sites in Illinois. The method was developed from 213 bridge sites for which conventional total-streambed bridge-scour analyses had been done by IDOT and verified from 106 and 15 bridge sites for which conventional total streambed bridge-scour analyses had been done by IDOT and county highway departments, respectively. The method was applied to two county highway bridges in central Illinois, which are included as examples in this report.
SIMPLIFIED METHOD TO ESTIMATE TOTAL-STREAMBED SCOUR

Development of the Method
In developing the simplified method, the main objective was to relate some combination of easily obtainable bridge-site characteristics to an estimate of the total-streambed scour resulting from the 500-year flood discharge. A further constraint, at the request of IDOT, was that no hydraulic computations would be necessary to use the simplified method. The bridge-site characteristics would be obtained from a reconnaissance-level bridge-site visit, 7.5-minute topographical maps, and bridge plans. The method to estimate streambed scour was initially envisioned in the form of a multiple regression equation or envelope curves of total-streambed scour.
More than 500 State highway bridges that had been analyzed by IDOT personnel using conventional methods were screened based on the following criteria: 1. Sufficient site-characteristic data were available in the bridge-site file. 2. The bridge was not part of a dual system of bridges (being either the upstream or downstream bridge) because the hydraulics of dual bridges would be dissimilar to those of single bridges. Most local agency bridges are single-span bridges.
IDOT is organized into nine geographical districts. To attain a good spatial distribution of data, an attempt was made to select an equal number of bridges from each district (approximately 30-35 per district). On the basis of the above criteria, 319 bridges ( fig. 1 ) were selected for developing the method. These data are contained in a computer file listed in appendix 1.
For each of the 319 bridges, characteristics of the bridge site, easily calculated or measured from either the bridge plans, topographical maps, or a field visit, were determined and compiled in a data base along with the estimated total-streambed scour resulting from the 500-year flood. Of the 319 bridges, 213 were used to develop and calibrate the simplified method to estimate total-streambed scour. The 213 bridge site data sets were divided into multi-span and single-span categories (124 multi-span and 89 single-span). The remaining 106 bridges in the data set were utilized to verify the applicability of the simplified method.
At the beginning of the development of the method, several attempts were made to develop a valid multiple linear regression (MLR) model to estimate the total-streambed scour resulting from the 500-year flood discharge. After 40 MLR model trials, the model calibrations for both multi-and single-span bridges resulted in correlation coefficients less than 0.6 and a model fit through the center of the data, which would mean underestimating scour calculated
Base from U.S. Geological Survey 1:2,000,000 Digital Data Albers Equal-Area Conic Projection Standard parallels 33* and 45°, central meridian -89* with the conventional method on many of the bridges, which is an unacceptable method to estimate scour. Many of the bridge-site characteristics were plotted with the total 500-year flood scour that was estimated with the conventional method. No relation was found between any single bridge-site characteristic and total-streambed scour. A representative example illustrating no relation among specific bridgesite characteristics and the conventionally estimated total-streambed scour is shown in figure 2 .
By trying to represent quasi-hydraulic properties (because actual hydraulic computations can not be made) with combinations of various bridge-site characteristics to serve as a surrogate hydraulic property, it was thought that relations between these surrogate hydraulic properties and the estimated 500-year total scour may be obtained. For example, a hydraulic property such as the flow Reynolds number, which is the flow velocity times a characteristic depth divided by the kinematic viscosity, could possibly be represented by a surrogate measure of velocity, estimated as the 100-year flood discharge divided by the bridge length times the low steel to bed distance, and a surrogate characteristic depth, such as the low steel to channel bed distance. Starting with combinations of characteristics for both multi-span and single-span bridges that represent the bridge site hydraulic properties of constriction ratio, flow Reynolds number, and Froude number, the total scour and these hydraulic properties were plotted as a means to envelop the data points to provide a curve whereby scour could be estimated. These physically meaningful prediction variables provided no basis to envelop the data in such a way as to not be overly conservative in the estimation of total-streambed scour. For example, a plot of the surrogate Reynolds number for multi-span bridge and total-streambed scour is shown in figure 3 . An enveloping curve will result in very conservative estimates of total-streambed scour. The plots of the other "pure" surrogate variable of constriction ratio and Froude number were very similar in appearance to figure 3 for both single-and multi-span bridges, and as such did not provide a useful relation. Therefore, a trial-and-error scheme was used to add various characteristics and adjust exponents to optimize the enveloping of the data points for each of the six curves. After seven iterations using the verification data set, two curves each for single-span and multi-span bridges are used in the final simplified method (figs. [4] [5] [6] [7] . Some of the 213 bridge sites are not plotted in figures 4-7, as some of the bridge characteristic values required in the predictor variable were missing from the data files. As can be seen in the four envelope curve (figs. [4] [5] [6] [7] , the physical significance of the predictor variable has been lost in the trial-and-error process. The bridge characteristics utilized in the envelope curves (figs. 4-7) will be defined later and shown on example bridge site drawings in figures 8 and 9.
Different envelope curves are utilized in the simplified method depending on the type of bridge (single-or multi-span). For single-span bridges, two envelope curves are utilized in the method, and similarly, for multi-span bridges, two envelope curves are also utilized. To estimate the total scour for a single-or multi-span bridge, the predictor variable for each envelope curve must first be computed. The predictor variable varies for each envelope curve and consists of an equation combining some of the bridgesite characteristics from table 1. Once the predictor variable is known, the total-scour estimate is determined from the envelope curve. The final total-scour estimate from the simplified method is determined as the minimum of the two envelope curves for multispan bridges, or the minimum of the two curves for single-span bridges. For example, if the predictor variable for multi-span envelope curve 1 in figure 5 is computed to be 1 and the predictor variable for multispan envelope curve 2 in figure 6 is computed to be 200, then the total-scour estimate from envelope curve 1 would be 15 ft and the total-scour estimate from envelope curve 2 would be 9 ft. Therefore, the final total-scour estimate would be the minimum of 9 ft and 15 ft, or 9 ft.
One curve per type of bridge was intended to be needed; however, multiple curves were found to be necessary to make the simplified method as robust as possible. If only one curve per type of bridge (single-or multi-span) had been used, the total-scour estimate at some bridge sites would have been highly overestimated because of potential anomalies in the combinations of the bridge characteristics. By utilizing multiple curves and taking the minimum, the number of anomalous total-scour estimates was decreased. 
Verification of the Method
. . 
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1,000,000 10,000,000 100,000,000 Figure 7 . Multi-span envelope curve 2 for total scour estimated with the conventional method for bridge sites in Illinois. The discharge for a particular drainage area of a particular stream that has a 1-percent chance of occurring in any given year. For Illinois streams, this value can be determined by the U.S. Geological Survey regression equations (Curtis, 1987; Alien and Bejcek, 1979) . The units are cubic feet per second. The width of the flood plain, one bridge length upstream from the bridge, that would have water of some velocity overtopping it during the 100-year flood discharge flowing through the bridge opening. For cases with road overflow, only the part of the flood plain containing water flowing at some velocity and proceeding through the bridge opening is considered part of the effective flood-plain width. Without detailed hydraulic information, this value is sometimes difficult to determine. Engineers have sometimes used the bridge-length opening multiplied by a constant value to determine the effective flood-plain width. One value often used is 3 times the bridge length, although no definitive data is available to support the use of this value. Best judgment in selecting the value of the effective flood-plain width (see fig. 8 ) is required by the user. The top width of the base-flow channel, in feet, from right descending bank to left descending bank bridge length upstream one bridge length upstream from the bridge (see fig. 8 ).
The width of the base-flow channel, in feet, from right descending bank to left descending bank at the bridge (see fig. 8 ).
The bridge length, in feet, from abutment to abutment (see fig. 8 ).
The type of abutment that is present at the bridge: spill through abutments-1, vertical abutments with wingwalls-2, vertical abutments without wingwalls-3, (see fig. 9 ).
From a visual inspection of the bridge site, the amount of cutting present in the streambanks. This is a subjective assessment of the amount of cutting present (none-1, slight-2, or extensive-3).
The distance, in feet, between the lowest member of the bridge (that part of the bridge to contact the rising water surface first) and the approximate mean streambed elevation near mid-channel (see fig. 8 ).
The predominate type of bed material present in the streambed determined from a visual inspection (cobbles-1, clay-2, gravel-3, sand/gravel-4, silt/clay-4, sand/silt-4.5, sand-5).
The local channel slope, in feet per feet, near the bridge site. The type of pier present at the bridge (see fig. 8D ). For bridges with multiple types of piers, by trial-and-error, the pier type that results in the most conservative scour estimate. The predominate angle, in degrees, at which the flow during floods will impact the bridge pier (see fig. 8B ).
The number of spans present at the bridge site.
The maximum pier width of the bridge. From a visual site inspection, the degree, if any, of noticeable scour at the piers, abutments or wingwalls. This is a subjective assessment of the amount of existing scour (none-1, slight-2, moderate-3, or extensive-4).
bridges, to verify the applicability of the simplified method. For each bridge, the bridge-site characteristics were used with the applicable envelope curves to estimate the 500-year flood total scour. Each scour estimate determined with the simplified method was compared with the 500-year flood scour estimated with the conventional scour-estimation method. A comparison of the total 500-year flood scour estimated with the simplified method and the 500-year flood scour determined with the conventional method is shown in figure 10 . Perfect agreement of results between methods is the 1:1 slope line through the origin. The goal in the verification of the method was to have the verification data plot on or just to the right of the line of perfect agreement. This would indicate that the simplified method either produced an exact match to the conventional method or overestimated the total scour estimated with the conventional method.
In developing the simplified method, seven development/verification iterations were made to try to plot the data in figure 10 as close to the line of perfect agreement as possible, without many points plotting to the left of the line. As shown in figure 10 , the verification of the method was successful. Total scour was underestimated with the simplified method in comparison to the conventional method at only six of the bridges verification data sets. One bridge was underestimated by more than 25 ft, but review of the data file for that bridge indicates that the conventional estimate of scour was affected by having over 70 percent of the flow apportioned to the overbank at the approach cross section. Because HEC-18 computations are very sensitive to the amount of overbank discharge, the unusually high scour estimate is because of the inappropriate flow apportionment at the approach cross section.
Limitations of the Method
The simplified method was developed from data at bridge sites in Illinois where conventional scour analysis had previously been done. The following ranges of values for bridge characteristics were present at the bridge sites used to develop the simplified method. multi-span: 1 to 8 ft In addition, the development of the method was limited to bridge sites in the data set that satisfied the following criteria.
No dual bridges were used (for example, interstate highways).
The ratio of base-flow channel width at the bridge to base-flow channel width one bridge length upstream was greater than 0.5. The ratio of base-flow channel width at the bridge to flood-plain width was greater than 0.03. Total-streambed scour estimates from the simplified method for bridge sites with characteristics outside of these ranges should be used with caution.
The simplified method was developed to assist in performing the enormous task of evaluating the over 10,000 local agency bridges in Illinois. The simplified method was developed in a way such that hydraulic computations were not necessary. As such the estimates of scour are conservative. However, in cases where the estimate of scour from the simplified method presents a borderline bridge instability problem, a conventional analysis should be performed. In addition, the simplified method should not be used for design of new bridge structures. For each bridge to be evaluated with the simplified method, several bridge-site characteristics must first be determined. The field/office data sheets that can be used to compile the bridge-site characteristic data needed to successfully apply the simplified method are shown in figures 11 and 12 for single-and multi-span bridges, respectively. After the necessary bridge-site characteristic data have been compiled, the user can manually determine the estimates from the applicable total-streambed-scour envelope curves and compute the minimum value. The computer program BLSCOUR (see Appendix 2), specifically written to estimate the total-streambed scour with the simplified method, also can be used to determine the estimates.
For both single-and multi-span bridges, the 100-year flood discharge is required for the simplified method. This may have been previously determined during design of the bridge or may have to be computed from methods outlined either in Curtis (1987) for rural basins or Alien and Bejcek (1979) 1 for urbanized basins in northeastern Illinois. Options to compute the 100-year discharge by either of these two methods are contained in the BLSCOUR program.
As previously discussed, the simplified method, by design, is conservative in estimating the totalstreambed scour at a bridge site. Each bridge would be analyzed with the simplified method and bridges evaluated as stable for the total-scour estimate with the simplified method would need no further analysis, whereas bridges that were determined to be unstable or borderline, could be reanalyzed on the basis of the conventional method outlined in HEC-18. Furthermore, the past occurrence of scour at the bridge site during major floods should also be taken into consideration. The years that greater than 50-and greater than 100-year floods have occurred for the period of record at USGS stream-gaging stations are listed in table 2 for the gages shown in figure 13 to assist in documenting when significant floods have occurred on various streams in Illinois.
An example of both a single-and multi-span bridge is presented to demonstrate the application of lfThe method outlined by Alien and Bejcek (1979) is rarely used in Illinois as it has often yielded smaller 100-year flood discharges for urban basins when compared with the method outlined in Curtis (1987) . If the Alien and Bejcek (1979) method is used, it is recommended that the larger of the two 100-year discharge estimates from these two methods be used. the simplified method. Total time to collect office and field data and compute the total-streambed scour estimate was approximately one-half day per bridge site.
Single-Span Bridges
Knowledge of all the bridge-site characteristics on the field data sheet shown in figure 10 is required in the simplified method for single-span bridges. Once the bridge-site characteristics are determined and listed on the field data sheet, the two envelope curves for single-span bridges should be used to determine the estimated total scour at the bridge site. The collection of the necessary data from single-span bridges and determination of the total-scour estimate are demonstrated in the following example.
A single-span bridge over Flatville Drainage Ditch near Flatville, Illinois (fig. 14) was evaluated. Site plans, provided by the Champaign County Engineer's Office, and a topographic map of the bridge site and associated watershed were reviewed in the office before visiting the site. For many bridge sites, the construction plans contain such information as the abutment type, drainage area, 100-year flood discharge, bed-material type, or bridge length from abutment to abutment. However, for this bridge site, only abutment type and bridge length were readily determinable. From the topographic map, the drainage area was determined to be 10.8 mi . In addition, the elevations and thalweg distance required to compute the 100-year flood discharge outlined in Curtis (1987) were also determined from the topographic map. The Rainfall Intersection and Geographic Region values are determined from the graphs in Curtis (1987) .
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Distance between 85% and
Once all necessary data were collected, an estimate of total scour was made utilizing the simplified method. The 100-year flood discharge was not known; therefore, methods outlined in Curtis (1987) were applied, resulting in a 100-year flood discharge estimate of 2,080 ft3/s. To estimate the total scour, the predictor variable for both single-span envelope curves (figs. 3 and 4) was calculated and a corresponding total-scour estimate was determined from each of the two curves as 5.7 ft, and 9.8 ft, respectively. The minimum of these two values was used as the final estimate of the total scour at this bridge site. As a final check, all the bridge characteristics for the site were in the acceptable range of values used to develop the simplified method (see "Limitations of the Method" section). In addition, the ratio of base-flow channel width at the bridge to base-flow channel width one bridge length upstream was 0.88, which is greater than the 0.5 limiting value described in the "Limitations of the Method" section. The ratio of base-flow channel width at the bridge to the flood-plain width Geographic Region (from Curtis, 1987 USGS Water-Resources Investigations Report 87-4207) Information was 0.62. This is greater than the 0.03 limiting value also described in the "Limitations of the Method" section.
Multi-Span Bridges
Knowledge of all the bridge-site characteristics on the field data sheet shown in figure 12 is required in the application of the simplified method for multi-span bridges. Once the bridge-site characteristics are determined and listed on the field data sheet, the two envelope curves for multi-span bridges should be used to determine the estimated total scour at the bridge site. The collection of the necessary multi-span bridge characteristic data and determination of the total-scour estimate are described in the following example.
A multi-span bridge over the Embarass River ( fig. 16 ) was evaluated for this example. As in the single-span bridge example, a topographic map of the bridge site and associated watershed was reviewed in the office before visiting the site. The drainage area was 16 mi2 and the slope in the vicinity of the bridge was 0.00039 ft/ft. In addition, the elevations and thalweg distance needed for the 100-year flood discharge computation (Curtis, 1987) were determined. The Rainfall Intensity and Geographic Region values were determined from the graphs in Curtis (1987) .
At the bridge site, most of the other bridge-site characteristics were determined and listed on the field data sheet for multi-span bridges ( fig. 17 ). For this bridge site, flood-plain width for the 100-year flood was estimated at 375 ft, which is three times the bridge length (a judgement based on engineering experience). This simplified estimate of the flood-plain width was used because the overbank area is very flat resulting in ponded water in the approach flood plain away from the main channel.
The base-flow channel width was measured from the left descending bank water surface to the right descending bank water surface with a steel tape. The base-flow channel width was 49 ft at the bridge and 35 ft one bridge length upstream. The ratio of base-flow channel width at the bridge to base-flow channel width one bridge length upstream was 1.4, which meets the established criterion requiring this value to be greater than 0.5 for the simplified method 
FIELD PARTY Jl
Structure Number HI8H Distance between 85% and 10% elevation I .2. 0 H miles Pier Type (1,2,3,4,5,.. (from Curtis, 1987 USGS Water-Resources Investigations Report 87-4207) Percent Imperviousness (If using urban relations from Alien & Bejcek, 1979) Bed Material (BM) Geographic Region ___L (from Curtis, 1987 USGS Water-Resources Investigations Report 87-4207) Information Entered Into Computer Program On I 0 ~ 3G -°5
Entered By /R. R. W*______________________ Estimated Scour 3H .795 ft to be valid. In addition, the ratio of base-flow channel width at the bridge to flood-plain width was 0.13, which also meets a pre-established criterion that the ratio must be greater than 0.03.
The length from abutment to abutment for the bridge over the Embarrass River was 125 ft. The bridge contained three spans as two piers are present. Both piers have square noses, which are coded on the field sheet as a type 1 pier (see fig. 8D ). The angle of attack of the flow on the bridge piers was determined to be zero degrees as the flow lines for a flood appear to be parallel to the length of the bridge piers. The width of each pier was 2.25 ft. If the piers had different widths, the larger pier would have been entered on the field data sheet. The distance from the low steel of the bridge to a mean streambed was measured with a steel tape at 11.1 ft. The location of the representative streambed is subjective, but generally should equal the average streambed elevation for the main channel.
Examining the streambanks both upstream and downstream in the vicinity of the bridge, small localized cutbanks were noted. A "2" was coded onto the field sheet in the Cutbank Presence category to indicate that slight cutbanks were present at the site. No scour was noticeable at either the piers or the abutments. Therefore, a "1" was coded in the Existing Scour Near Piers/Abutments category. The bed material type was determined by collecting and inspecting a sample of the streambed. By qualitative inspection, the material was determined to be of a silt/clay composition and a "4" value was entered into the Bed Material category as specified in the instructions.
Once all the necessary data were collected, an estimate of total scour was made utilizing the simplified method. The 100-year flood discharge was not known; therefore, to determine this value, methods outlined in Curtis (1987) were used to compute a value of 1,770 ftVs. Examining the simplified-method envelope curves 1 and 2 for multi-span bridges in figures 5 and 6, the predictor variable for each envelope curve was calculated and a corresponding totalscour estimate was determined from both of these curves at 27.8 ft and 24.8 ft, respectively. The minimum of these two values (24.8 ft) is the final estimate of the total scour at this bridge site. 5. After all categories have been filled in, click on the Calculate Scour button. The estimate of total scour will be near the bottom right of the window. 6. To save the input data and results to a computer file, click the Save Data button. An example output from ILSCOUR for the single-span bridge example previously presented is shown in figure 22 . If the Windows software package is not utilized, the following are instructions for use in the Disk Operating System (DOS) mode.
1. Type ILSCOUR at the DOS prompt. This will invoke the ILSCOUR program. 2. The 100-year flood discharge is not computed in the DOS version of ILSCOUR; therefore, the 100-year flood discharge must be computed by another means before using the program. 3. At each prompt, enter the requested input to compute the total-scour estimate.
SUMMARY AND CONCLUSIONS
A simplified scour estimation method was developed by the U.S. Geological Survey (USGS), in cooperation with the Illinois Department of Transportation, for application to local agency bridges in Illinois. Data from 213 State highway bridges, previously analyzed for total-scour estimates with conventional methods, were utilized to empirically develop 500-year flood total-streambed envelope curves. The State highway bridges were selected on the basis of geographic distribution and similarity to local agency bridges. A separate verification data set of 106 State highway and 15 county highway bridges was used to verify the simplified method. The method consists of determining predictor variables (combinations of bridge-site characteristics) used to estimate the total scour from each applicable envelope curve for a bridge site. Two envelope curves are applicable for single-span bridges and two curves are applicable for multi-span bridges. The minimum of the total-scour estimates from the applicable envelope curves provides an estimate of the 500-year flood total scour. Verification proved successful with the simplified scour-estimation method, underestimating the conventional scour-estimation method on only five bridges in the verification data set. 
